Transitions from the ground state X B + u=O to eleven highly-excited states of CO were investigated using extreme ultraviolet laser spectroscopy. Excited states were detected using a two-photon ionization scheme. Improved values of band origins could be deduced from an absolute calibration of the extreme ultraviolet laser radiation against the I, standard in the visible wavelength region. Accurate predissociation rates followed from linewidth analyses of individual rotational lines.
I. INTRODUCTION
In recent years the absorption spectrum of carbon monoxide in the extreme ultraviolet (XUV) wavelength range has attracted renewed interest because new and advanced equipment for high resolution investigations became available. Large classical spectrometers such as the 10 m VUV spectrograph of Meudon,lf2 synchrotron radiation sources such as the KEK photon factory in Japan374 and laser-based tunable XUV sources' now offer an instrumental bandwidth of -0.5 cm-', i.e., a resolving power of 2 X 105. This continued research is mainly motivated by the demand for accurate values on spectral line positions, absorption cross sections and photodissociation rates to be used in chemical models for molecular clouds existing in various regions of outer space.6*7
A vibrationally-resolved absorption spectrum recorded with synchrotron radiation provides an overview of the astrophysically relevant range 88.5-115 nm.* These measurements yielded first reliable values for absorption cross sections and photodissociation rates for 46 distinguishable vibronic features. As an important result it was established that the XUV-induced photodestruction of CO occurs predominantly via discrete line-absorption. The quest is now for rotational resolution and for individual line-dependent parameters governing the photodynamics of CO. A comprehensive study of the range 91.2-115.2, including different isotopes of CO, was reported by Eidelsberg et al. lp2 using the spectrograph of Meudon.
In addition to the straightforward use of XUVphotons, highly excited states of CO can also be probed in multiphoton schemes. Hines et aL9 applied a 2+ 1 single color REMPI-scheme for a study of the E 'Il, v=O state. In multistep two" and three" color resonant schemes single rotational quantum states could be elegantly prepared before the iinal excitation of the Rydberg state. Finally, optogalvanic studies have been performed. 12,13 They have the experimental advantage that highly-excited states in the CO-molecule can be investigated with a single visible photon. The multiphoton and optogalvanic laser schemes have in common that they do not provide information on XUV absorption cross sections; nevertheless the spectroscopic information obtained on highly-excited states is useful and may in principle be as accurate as information deduced from direct XUV-excitation.
The mechanism(s) leading to predissociation of the excited states in the range above the dissociation limit (89 592& 15 cm-' above the X 'Z+ v=O, J=O ground state of CO) are not yet understood. As an exception predissociation in the B (3s~) '1;+ Rydberg states, for u= 1 5236 and v=2, all J, was found to be caused by the D ' 'IS' valence state.14 To attain a complete understanding of the predissociation processes involving states in the important energy range 89 000-l 10 000 cm-', combined efforts of experimentalists and theoreticians are still needed.
In a program to remeasure and improve upon the existing spectroscopic data on CO in the wavelength range 9 l-100 nm we recorded spectra of 11 vibronic bands using our newly-built XUV-laser spectrometer. In a preliminary report' data on two of these bands were already presented in detail. In the present paper accurate spectroscopic data as well as predissociation rates on nine vibronic states (the two remaining bands were too weak to extract useful spectroscopic information) in the energy range 100 OOO-110 000 cm- ' 
II. EXPERIMENT
A concise description of the XUV-laser spectrometer was given in a previous paper.5 Here we give only some relevant experimental details. CO molecules are excited under collision-free circumstances in a pulsed molecular beam expansion. Depending on time-delay settings either a cold ( -40 K) or an almost room temperature ( -250 K) rotational population distribution is probed by the pulsed (5 ns) XUV-light in a crossed-beam configuration. In this setup the Doppler contribution to the experimental linewidth is co.02 cm-'. The XUV-radiation is the exact sixth harmonic of a tunable dye laser at visible frequencies and is generated in two stages, frequency doubling of the fundamental in a crystal followed by frequency tripling of the UV laser light in a rare-gas medium. The XUV-beam diverges into the interaction zone where the molecules experience an XUV power density at the peak of the pulse of -1 W/cm2. An UV-pulse temporally and spatially overlaps the XUV-laser pulse (&= 3Axuv) with a peak power of -3 MW/cm2. CO molecules, excited by resonant XUV photons are subsequently ionized by this UV-light. The CO-ions are mass-selected before detection by means of a time-of-flight set-up allowing the recording of independent "CO and 13C0 spectra from a natural CO sample. The spectral width of the XUV radiation was found to depend on alignment, pumping rate, and dyeconcentration in the oscillator stage of the laser at the fundamental frequency. The instrumental width is predominantly determined by this XUV-linewidth. Selected transitions in molecular nitrogen [b ' 'xi, u= 1 (Ref. 15) and v=7] and fluorine (H 'II, u=O and u=l) were recorded, also by means of 1 XUV+ 1 UV resonance ionization. The estimated predissociation rates for these excited states of N2 and F, preclude observable line broadening at the present level of resolution. From detailed analysis of the line profiles of a number of resonances in the N2 and F2 spectra we find that (i) the line profiles are of Gaussian shape, and (ii) the width at full-width half-maximum (FWHM) is 0.32=l=O.O6 cm-'. This value, somewhat lower than a previous estimate,5 but consistent within the estimated error bars, is taken as the instrumental bandwidth of the XUV laser spectrometer.
The simultaneous recording of an Iz-absorption spectrum in the visible with a CO-excitation spectrum in the XUV range provides an elegant tool for absolute frequency calibration. Based on the assumption of harmonic locking of the XUV and fundamental frequencies, line positions of CO resonances were accurately determined on an absolute frequency scale using a computerized interpolation method. The absolute accuracy of the I2 reference spectrum'6*'7 is 0.002 cm-'. The spectral width of the fundamental radiation ( -0.07 cm-') however limits the accuracy in the reference lines to -0.015 cm-'. Line positions of strong and unblended CO resonances can be determined to 10% of the observable widths, i.e., with a relative accuracy of about -0.04 cm-'. The absolute accuracy in the frequency positions of CO-lines is therefore estimated at 0.13 cm- ' (=6x0.015 cm-'$0.04 cm-').
Ill. RESULTS
Resonance ionization ( 1 XUV+ 1 UV) spectra of CO were recorded in the wavelength range 91-100 nm with the XUV laser spectrometer. Eleven vibronic bands were observed in excitation from the X 'Z+, u=O ground state. Nine of these were intense enough to identify rotationally resolved lines and to extract spectroscopic information. Eidelsberg et al., '+2 in direct absorption studies in the same energy range, identified 37 different vibronic features. The analysis of two strong transitions to the K (4pa)'8+ v=O and W (3~0) 'KI v=2 states at 97.04 and 94.12 nm was presented in a previous paper.5 In the present paper results of XUV-laser studies on seven additional excited states will be reported. The spectroscopic identification of Eidelsberg et a1.1s2 will be followed throughout this paper. In this annotation the W (3sa)'KI u=O, the (Spa)'X+ u= 1, a 'ZZ+ u= 2, and the L (4p~) 'Il u=O tion frequencies and uncertainties are listed in Tables I-VI for six different bands. The frequency scales of the spectra were linearized by fitting a spline function through a manifold of iodine lines. The I*-and XUV-resonances were fitted with Gaussian and Voigt profiles. The CO resonance frequencies were determined by computerized interpolation between selected I, lines, multiplying the resulting frequency with a factor of 6. The spectroscopic constants were determined by fitting the experimental data to the calculated transition frequencies in a least-squares minimization routine. As information on high J-states obtained in the present experiment is rather limited and the resolution in the spectra is only slightly better than in the spectra recorded by Eidelsberg et al. ' 
where qn is the A-doubling parameter. Even with the inclusion of A-doubling the assignment of Q-lines in the L (4p7r) 'II-X '2' (0.0) band at 96.83 nm turned out to be far from trivial. Also the data in the CO-atlas* were of no determined by optogalvanic spectroscopy'* as well as choosing the first individual rotational line at the highfrequency side of the congested Q-bandhead to be the Q( 8) line. With this identification the strong dip in intensity between the Q( 8) line and the Q-bandhead (see Fig. 3 ) reflects an anomalously weak Q(7) transition. The same effect was found even more pronounced in the optogalvanic experiment.'* It was attributed to an accidental predissociation of the Il-component of the J=7 level.
B. Predissociation
Varying widths were observed for individually resolved rotational lines in the different CO bands. The spectral width in the transition to the L (4pr) 'Il v=O band equals 
where c is the speed of light and kp is the predissociation rate. Here it is assumed that radiative relaxation is a much slower process than predissociation; the excited CO levels are indeed known to effectively predissociate for 99%.'18 It should be noted that residual Doppler broadening is included in the instrumental linewidth. The observed shapes of unblended lines were fitted with a Voigt-profile and good agreement was found between the synthetic and observed line shapes. From this procedure accurate values Snobs for the experimental Important for an implementation of predissociation effects in models for the interstellar medium are dependencies of predissociation rates on rotational states. We did not observe any systematic variation in the linewidths for rotational states within a particular band, however with one exception. Notwithstanding the low signal to noise ratio some indication of a rotational-state-dependent line broadening in the 'II-X 'Z+ (2,0) band at 92.87 nm was and with (b) from Sekine et al. (Ref. 12) and fixed in the minimization routine. 6v0 represents the difference between the present value for the band origin and the value given in Ref. 2 . The values for the bands indicated with (c) were already published in a perliminary report (Ref. 5) . It should be noted that our estimate for the absolute frequency uncertainty in the band origins Y" is 0.13 cm-'. found, 8~;~~ is 0.41 (5) cm-' for R(0) and 0.57 (7) cm-' for R( 1). The spectrum of this band was of low intensity and only R (0) and R ( 1) states could be used for linewidth determination. For all other bands the values for the linewidths of unblended rotational lines were averaged, resulting in a reduced statistical uncertainty. The specific Jvalues that were included in the predissociation analysis for each particular vibronic state are listed in Table VIII. IV. DlSCUSSlOPl AND CONCLUSIONS Nine bands were measured in high resolution with a laser-based XUV spectrometer in the wavelength region 91-100 nm. Compared to recent experiments employing synchrotron radiation3*4 or a large VUV-spectrograph'** our instrumental resolution of 0.32 cm-' is somewhat better. In several cases we were able to improve the accuracy of rotational constants but the major advantage of the present experiment lies in the capability of absolute calibration. As a consequence accurate values for the band origins could be derived. We estimate an absolute accuracy in the values for v. of 0.13 cm-'. The somewhat smaller values listed in Table VII stellar clouds. The error margins in the present values for predissociation rates are on the order of 20%50%. In the near future we hope to improve our dye laser system resulting in a reduction of the spectral width of the XUV radiation by an order of magnitude. Our aim is to determine accurate lifetimes at the 3 x IO-'OS level and to study rotational-state-dependent predissociation effects. In the range 91-100 nm eleven vibronic features could be observed with the technique of I XUV + 1 UV resonance ionization, while in absorption 37 bands were observed.2 However, the present experiments were performed on a molecular beam with orders of magnitude lower column density than in the measurements at the 10 m VUV spectrometer of Meudon. We estimate a pressure of 10e4 Torr and an efficient length of 1 cm in the interaction zone. A remarkable point is that some transitions, expected to be strong, were not observed. Because of the fast predissociation rates of the excited states of CO (Table VIII) the competition between predissociative decay and ionization is dominated by the first process. It has to be noted that the ionization is induced by a diverging UV laser beam. Under these circumtances the actual ionization rate is expected to be proportional to the excited state lifetime r, as long as r is shorter than the duration of the temporarily overlapped XUV/UV beams, which is 5 ns. In that case the signal intensities of individual lines in 1 + 1 resonance ionization is proportional to kg -Oabs'rcrion .
Here o,b, is the absorption cross section at maximum, and aion is the UV-induced ionization cross section of the excited state. The dependency on the lifetime r in Eq. (5) was found to be valid for 1 + 1 ionization processes in N, for predissociating states with lifetimes in the range 1.5-150 ps.*' Despite a number of multiphoton ionization studies on CO (Refs. 9, 11, and 22) values for the ionization cross sections oion for specific excited states of CO are not available. The following discussion is based on the assumption that oion is constant for the states investigated. The maxima in the absorption cross section a&, may be adopted from Fig. 1 of Ref. 2 which represents a synthetic spectrum computed at 50 K based on experimentally deduced parameters. From a calculation of the product oabsr it follows that the value for the K (4pa) '1;+ u=O state and the L (4prr)'II u=O state are largest, 5.6~ lo-" and 1.2 X 1O-25 cm2 s, respectively. Indeed these two states are observed in intense spectra. Based on such a calculation we can now understand why the L' (3da) 'II u= 1 feature, clearly observable in absorption adjacent to the L (4~77) 'II u=O band (see Fig. 1, Ref. 3) is barely visible in the present 1 + 1 ionization measurements. The lifetime of the L' state is estimated to be at least an order of magnitude shorter than that for the L state (see Table VIII ), while its peak absorption is smaller by a factor of 2. In general we find that the observed relative band intensities of the 1 XUV+ 1 UV ionization spectra indeed scale with the calculated value for the product o&r. However for a 5pa 'Z+ u=O feature at 93.31 nm the large value of 1.5X 1O-25 cm2 s is calculated even if a low value for the lifetime of 10-l' s is taken (in Ref. 2 a value of IO-'OS is reported). Despite several efforts this vibronic feature could not be observed. We do not have an explanation for this fact other than pointing at the possibility of a reduced ionization cross section oion in this energy window.
In the near future a monochromator setup to separate XUV and UV will be added to the XUV-laser spectrometer. The excited states, now investigated by 1 XUVf 1 UV photoionization, can then be studied by straightforward XUV absorption. Values for photoabsorption cross sections may then be extracted directly from laser-based XUV studies. Comparing absorption spectra with 1 XUV + 1 UV ionization spectra will then provide information on ionization cross sections as well.
